The liquid-vapor phase change lattice Boltzmann method is used to investigate the pinningdepinning mechanism of the contact line during droplet evaporation on the stripe-patterned surfaces in 3D space. Considering the curvature of the contact line and the direction of the unbalanced Young's force, the local force balance theory near the stripe boundary is proposed to explain the steady state of the droplets on the stripepatterned surfaces. An equation is proposed to evaluate the characteristic contact angle of the stabilized droplets. During the evaporation of the droplet, the stick-slip-jump behavior and the CCR-Mixed-CCA mode can be well captured by the lattice Boltzmann simulation. When the contact line is pinned to the stripe boundary, the contact line in the direction perpendicular to the stripes is slowly moving while the curvature of the contact line is gradually increasing. The gradually increasing curvature of the contact line accelerates the movement of the contact line, and the final contact line is detached from the stripe boundary. The research results provide theoretical support and guidance for the design, improvement and application of patterned surfaces in the field of microfluidic and evaporation heat transfer.
INTRODUCTION
Evaporation of the droplet is not only a ubiquitous phenomenon in nature but also a process that is widely used in many engineering fields, such as inkjet printing [1] [2] , spray cooling [3] , thin film coating [4] [5] and chip manufacturing [6] [7] . Surface properties, such as material, roughness and wettability, affect the distribution of the droplets on the surface and the movement of the contact line during evaporation. Studies have shown that the patterned surfaces exhibit superior performance in heat and mass transfer compared to the uniform surfaces [8] [9] [10] [11] [12] . Therefore, in-depth study of the internal mechanism of the droplet evaporation on the patterned surfaces is of great importance for the design and engineering application of patterned surfaces.
In recent years, tremendous research efforts have been made in investigating the pinning-depinning mechanism [13] [14] [15] [16] [17] [18] on patterned surfaces, such as structurally rough surfaces [19] [20] [21] [22] [23] and chemically heterogeneous surfaces [24] [25] [26] [27] [28] [29] . The pinning and depinning forces [20, 30] and the intrinsic energy barrier [23, 31] were used to explain the pinning-depinning mechanism. The pinning-depinning process is accompanied by changes in contact angle and contact radius. The constant contact radius (CCR) mode, the constant contact angle (CCA) mode [32] , and the mixed mode [33] [34] [35] [36] were developed to explain the pinningdepinning mechanisms. Researchers found that the contact angle of the droplet on chemically patterned surface is determined by the solid-liquid interaction on the three-phase contact line [15-16, 22, 37-38] rather than the whole contact surface as described in Cassie equations [39] . Based on the solid-liquid interaction on the three-phase contact line, the local force balance theories were proposed to explain the pinningdepinning mechanism of the droplet evaporation on chemically patterned surface and the local Cassie equations were formulated to predict the contact angle variations both in equilibrium and in evaporation situations [15] [16] . However, the local force balance theories and local Cassie equations were proposed only on the basis of 2D research. Considering that in practical the droplet evaporation occurs in 3D, so 3D studies are essential for real application, especially for droplet evaporation on droplet evaporation patterned surfaces.
In this work, we simulate the phenomenon of 3D droplet evaporation on chemically stripe-patterned surfaces using lattice Boltzmann method (LBM). An equation is proposed to predict the characteristic contact angle by analyzing the local force near the stripe boundary. The local force balance theory near the stripe boundary is used to explain the pinningdepinning mechanism during 3D droplet evaporation. This work presents new understanding of the pinning-depinning behavior of the contact line and provides theoretical support for the design, improvement, and practical application of patterned surfaces for evaporation heat transfer.
where (x, ) and (x, ) are the density distribution function and the equilibrium distribution with velocity e at position x and time t, respectively. Δ (x, ) is the body force term, is the relaxation time, (x, ) are given by
and Δ (x, ) are given by Δ (x, ) = ( (x, ), u + Δu) − ( (x, ), u) (3) where Δu = F / is the velocity change under the action of body force during time step . F = F (x)+F (x) + F (x) (4) where the F , F and F are the interparticle interaction force, gravitation force and interaction force between solid and fluid, respectively. F is given by
where (x) is the "effective mass" given by
with 0 = 6.0 for the D3Q19 scheme. (x, x ′ ) is given by
with 1 = , 2 = 2 ⁄ for D3Q19 scheme. In this model, the P-R EOS (equation of state) will be adopted, which is given by 
and represent critical temperature and critical pressure. In this paper, we set = 2 49 ⁄ , and = 2 21 ⁄ , = 1 and = 0.344. The gravitation force F is given by
) where G is the acceleration of gravity and is the average density of the whole computation domain at each time step. Interaction force F between solid and fluid is given by
where is the interaction strength between fluid and solid, which is used to adjust the contact angle. (x) is the indicator function when x is in solid which is equal to 1 and when x is in fluid which is equal to 0. In this paper, the D3Q19 scheme is chosen for 3D simulations. The weighting coefficients and the discrete velocity vectors e are given by For D3Q19 schemes 2 = 2 3 = 1 3 ⁄ ⁄ . The kinematic viscosity can be adjusted by changing the relaxation time which is given by υ = 2 ( − 1 2 ⁄ ) (12) The density and velocity of the fluid can be obtained by
Note that u in Eq. (2) and Eq. (3) is not the real fluid velocity. The real fluid velocity U is given by U = u + ( 2 ⁄ )F (14)
Energy Equation Model and Derivation of The Source Term
The temperature distribution function for the energy equation model is given by (x + e , + ) − (x, )
where is the source term given by
with being the thermal diffusivity which is given by = ( ) ⁄
. The equilibrium distribution function for temperature is given by
The D3Q19 scheme is chosen for the computation of temperature. Hence the thermal diffusivity is given by α = 2 ( − 1 2 ⁄ ) (18) The temperature is given by
Note that there is a density gradient at the liquid-vapor interface. Thus, other fluid properties χ (such as υ and α) are given by
where and are densities of the saturated liquid and saturated of vapor, respectively.
NUMERICAL RESULTS AND DISCUSSION

Spreading of Droplets on The Stripe-Patterned Surface Without Evaporation
The chemically stripe-patterned surfaces are illustrated in figure 1 , where the dark (A) and light (B) stripes represent the hydrophilic and hydrophobic area, respectively. and are the equilibrium contact angle of stripes A and stripes B ( = 65°, = 131°). The hydrophilic and hydrophobic stripes have the same width. and are the maximum contact lengths of the droplets in the X and Y directions, respectively. H is the maximum height of the droplet. : maximum contact length in the Y direction.
The simulation works are carried out in a three-dimensional cuboid domain × × = 100 × 100 × 80 lattice units (lu for short). The stripe width is set to 9 lu, 11 lu, 13 lu and 15 lu, and the corresponding stripe-patterned surfaces are named 9 , 11 , 13 and 15 , respectively. The half-way bounce-back scheme is applied at the lower boundary (solid wall). The open boundary condition is applied at the upper boundary, and the periodic boundary condition is employed at all other boundaries. Initially, a hemispherical droplet of radius 0 =20(lu) is deposited on the chemically stripe-patterned surface. The kinematic viscosity of saturated liquid phase and saturated vapor phase are taken as =0.354 and =0.0348. Other properties are set to be: thermal diffusivity =0.05 and =0.06, specific heat , = , =4.0 and , = , =4.0, Prandtl numbers =1.2 and =1.0, where subscripts and represent liquid and vapor, respectively.
This section discusses in detail the effects of the initial position of the droplet and the width of the stripe on the dynamic spreading of the droplets on a patterned surface. There are two cases of the initial position of the droplet. Case 1: The centroid of the droplet is located in the middle of a hydrophilic stripe (Figure 2 In theory, if the centroid of the droplet just is located in the middle of the stripes, the droplet can reach a steady state at the initial position. However, in reality, it is almost impossible to be realized, because there are always unobservable disturbances in the actual situations. Hence, we add an "artificial disturbance" to the simulation calculation. In the initial state, the centroid of the droplet deviates slightly from the middle of stripes (0.2 lu). For Case 1, the process of the droplet on the 11 from the initial state to the steady state is shown in Figure 3 . In the initial stage (t=0~500 ), the droplet spreads rapidly along the X-axis under the influence of the hydrophilic stripes. When t=500~1000 , the droplet is asymmetrically distributed. The centroid and contact line move to the right. When t=1000~2000 , the right contact line is completely detached from the hydrophilic stripe. After detachment, the right contact line quickly skips the hydrophobic stripes. When t=2000~6000 , the droplet reaches a steady state gradually. Eventually, the droplet covers three stripes with one hydrophobic stripe in the middle and two hydrophilic stripes on the left and right. For Case 2, the steady state of the droplet is the same as in Case 1, but Case 2 takes less time to stabilize than Case 1 since the initial state of Case 2 is closer to the steady state.
The process of droplet spreading on the 11 surface: (a) t=0 , (b) t=500 , (c) t=1000 , (d) t=2000 , (e) t=3000 and (f) t=6000 .
The asymmetric migration similar to Case 2 is also found in the study of Zhang et al. [16] . This phenomenon can be explained from the perspective of the force balance on the contact line. Since the shape of the initial droplet is hemispherical with an initial contact angle of 90°. The contact angle deviates from the equilibrium contact angle of hydrophilic stripes and hydrophobic stripes, < < , so an unbalanced Young's force (per unit length) can be defined [43] as:
= (cos − cos ) (21) where is surface tension, and are arbitrary contact angle and equilibrium contact angle, respectively. Figure 2 (a) and (b) show the unbalanced Young's force acting on the contact line. On the hydrophilic stripes, the direction of the force is toward the outside of the droplet, so the droplet tends to spread. However, on the hydrophobic stripes, the direction of the force is toward the inside of the droplet, so the droplet tends to shrink. The "artificial disturbance" breaks the force balance and causes an asymmetric migration of the droplet. From the simulation results, it can be seen that the droplet in Case 2 is more stable than that in Case 1. Firstly, this is related to the area ratio of hydrophilic and hydrophobic stripes occupied by the solidliquid contact surface). The droplet spreads sufficiently on the hydrophilic strip and has a lower center of gravity. The larger the area ratio of the hydrophilic stripes increases the stability of the droplet. Secondly, this is also related to the stripe boundary. There are two types of stripe boundary, one is the boundary from A (hydrophilic) to B (hydrophobic) and the other is the boundary from B to A, in the direction pointing to the center of the droplet. The research shows that the contact line can be pinned at the B to A boundary but not at the A to B boundary. For Case 2, the area ratio of the hydrophilic stripes is larger than Case 1 and the B to A boundary at both sides of the droplet can easily capture the contact line. Therefore, in the following discussions, the Case 2 is the default initial state of the droplet. From Figure 4 it can be seen that the contact line on the chemically stripe-patterned surface is an irregular closed curve. In the Y-axis direction, the droplet spreads on the hydrophilic stripes and shrinks on the hydrophobic stripe. Therefore, the droplet contact angle is small and the contact line is convex on the hydrophilic stripes and the contact angle of the droplet is large and the contact line is concave on the hydrophobic stripe. In the X-axis direction, the contact lines cannot spread more and cling to the stripe boundary, under the influence of the B to A boundary. By introducing parameters , , H and , the quantitative analysis of the droplet evaporation process can be Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 July 2019 doi:10.20944/preprints201907.0087.v1 performed more accurately. , the "characteristic contact angle", is defined as the average contact angle of the droplet's projected in the Y direction (see Figure 4(a) ). Steady states of the droplets on different surfaces are displayed in Figure 5a -d. The figure clearly shows that the width of the stripe has a large effect on the shape characteristics of the droplets. As the stripe width increases, increases, and decrease. Characteristic contact angle are 129.4°, 117.9°, 93.5° and 73.7°, respectively. It should be noted that in fact the liquid-vapor interfaces are a region with a finite width and there is a density gradient on the interfaces. Taking into consideration the thickness of liquid-vapor interfaces, the three-phase contact line can be denoted by several iso-density lines as shown in Figure 5e -h. The iso-density lines on the hydrophobic stripes are slightly sparse than the iso-density lines on the hydrophilic stripes. From the simulation results, it can be found that the characteristic contact angles is varies with the position of the contact line near the stripe boundary. The contact angle of the droplet on chemically patterned surface is determined by the solid-liquid interaction on the three-phase contact line. Li et al. [15] analyzes the local force balance in the diffuse interfaces and proposed the following equation cos = cos + cos (22) where is the characteristic contact angle of the droplets on chemically stripe-patterned surfaces, and are the length ratios of the contact line occupied by components A and B.
However, this equation applies only to the 2D droplet. In 3D space, the curvature of the contact line and the direction of unbalanced Young's force must be considered. As shown in Figure 6a , part of the contact line near the stripe boundary is sitting on the hydrophilic stripe (SA) while the other part is sitting on the hydrophobic stripe (SB). The direction of unbalanced Young's force is perpendicular to the contact line, so the direction of the force at different locations is different. Therefore, in order to make the calculation simple, the model is simplified, as shown in Figure 6b . Suppose that the contact line near the stripe boundary is composed of two concentric arcs. The central angle of the arc is 2α . The radius of the two concentric arcs are and , respectively. The distance from the stripe boundary to the center of the circle is . There are two cases, one is > > (Case Ⅰ) and the other is > > (Case Ⅱ). The local force balance (X-axis direction) at contact lines near stripe boundary can be formulated as follows ′ (cos − cos ) = − ′ (cos − cos ) (23) where ′ and ′ are the X-axis direction "effective area" of contact line occupied by stripe A and B, respectively. In polar coordinates, contact line and stripe boundary can be obtained
For Case Ⅰ, the X-axis direction "effective area" of the contact line can be obtained According to the simulation results, ′ and ′ can be obtained and then the contact angle can be predicted using Eq. (29) as shown in Table 1 . Obviously, the predicted results are in good agreement with the numerical results.
Dynamic Behavior and Pinning-Depinning Mechanism of Evaporating Droplet
The dynamic behavior of evaporating droplet on the stripepatterned surfaces is studied in this section. At t=5000 , the droplet has reached a steady state without evaporation. The droplet begins to evaporate due to the addition of temperature solver and the temperature of the solid wall is set to = 0.9 , where is critical temperature. As shown in Figure 7 , the droplet gradually evaporates from the 11 surface. The figure displays the variations of , , and H with respect to time. From this figure, we can see that the droplet evaporation is divided into several stages. In stage Ⅰ, the droplet evaporates in CCR mode. The contact line in X-axis direction is stuck on the B to A boundary (constant ) and the characteristic contact angle is constantly decreasing. In stage Ⅱ, the evaporation turns to the mixed mode. The contact line in X-axis direction begins to slowly slip (decreasing ) and gradually decreases. In stage Ⅲ, the droplet evaporates in CCA mode. remains constant and the slip of the contact line in X-direction is accelerated. In stages Ⅰ-Ⅲ, and H continue to decrease. This means that the contact line in Y-axis direction is always slipping. As the contact line continues to slip, the area of the hydrophilic stripes covered by the droplets decreases, resulting in a decrease in droplet stability. Finally, sudden jump and asymmetric migration occur when the contact line in X-axis direction is near the boundary (t≈16200 ), as shown in Figure  8 . When t=15800 , the droplet is symmetrically distributed. However, soon the contact line on the right side of the droplet begins to slip rapidly (t=15800~16200 ). Under a large unbalanced Young's force, the droplet quickly "jump" over the A to B boundary and the hydrophobic stripe (t=16200~16600 ). Finally, the droplets adhere to the hydrophilic stripe (t=17000 ). In stage Ⅳ, suddenly decreases, suddenly increases and H slightly increases and then decreases. This corresponds to the process shown in Figure 8 . This phenomenon has a similar principle to the asymmetric migration during droplet spreading. Both are due to the area of the hydrophilic strips covered by the left and right sides of the droplet is too small. Unobservable disturbances break the balance of forces and cause asymmetric migration.
In stage Ⅴ, the droplet evaporates on the hydrophilic stripe in CCR mode. Since the volume of the droplet is very small, the evaporation goes to the mixed mode quickly and the droplet completely evaporates in a short time (stage Ⅵ). As shown in Figures 9a and 9b , the droplets gradually evaporate from the 9 and 15 surface, respectively. In these two cases, similar dynamic behavior (stick-slip-jump) can be clearly observed. The main difference compared to 11 is that 9 and 15 lack a certain stage. Figure 8a clearly shows that the Ⅴ stage is missing for 9 . Since the stripe width of the 9 surface is narrow, the volume of the remaining droplets after stage IV is too small to allow the contact line to be stuck on the stripe boundary. Figure 8b clearly shows that stage Ⅰ is missing for 15 . Since the stripe width of the 15 surface is wide, the contact line in the X-axis direction hardly contacts the B to A boundary. Therefore, the contact line is not stuck at the B-A boundary but directly slips.
Comparing Figures 7 and 9 , it can be seen that the total evaporation time on 9 , 11 and 15 surfaces decreases with the width of the stripe. This is because the contact area between the droplet and the surface increases with the width of the stripe. The larger contact area allows for more efficient heat transfer between the droplet and the surface which accelerates the evaporation of the droplet. In addition, we notice that the time spent on the same stage is also very different when droplets evaporate on different surfaces. For example, the time of stage Ⅴ on 15 surface is much longer than the time of stage Ⅴ on 11 . This is still related to the width of the stripe. The wider stripe width causes the droplet to jump earlier. At this time, the volume of the droplet is still large, so the droplet takes longer to completely evaporate from the surface.
The aforementioned contents show the dynamic behavior of evaporating droplet on chemically stripe-patterned, including the pinning-depinning (stages Ⅰ-Ⅲ and Ⅴ-Ⅵ). The local force balance theory near the boundary of the stripe has provided a theoretical basis for analyzing the pinning-depinning mechanism. Figure 10 displays the local details of the liquidvapor interfaces on the 11 surface at t=8000 , 10000 and 12000 . The figure clearly shows the contact line in X-axis direction slowly moves toward the center of the droplet. As compared with the moving distance is so small that the contact line is considered to be pinned on the B to A boundary. The slow movement of the contact line in X-axis direction causes an increase in ′ and a decrease in ′ . The characteristic contact angle is also constantly decreasing during the slow movement of the contact line in X-axis direction and = 105.3°, 91.8° and 75.45°, respectively. When approaches , |cos − cos | increases and |cos − cos | decreases. According to Eq. (23), the unbalanced Young's force on both sides of the B to A boundary achieve dynamic equilibrium. The effective area ( ′ and ′ ) and are related and interact with each other. It is noticed that the constant decrease in leads to an gradual increase in the curvature of the contact line in X-axis direction. This is why the contact line in X-axis direction moves faster in stage Ⅱ. 
CONCLUSIONS
In this work, the modified pseudo-potential lattice Boltzmann model was used to simulate the evaporation of 3D droplet on the chemically stripe-patterned surfaces. The pinningdepinning mechanism of the contact line during droplet evaporation was revealed in 3D space. In particular, a local force balance theory near the stripe boundary was proposed and an equation was formulated to predict the contact angle. The main conclusions are as following:
(1) When the contact line is pinned on the stripe boundary, opposite direction of the local force (unbalanced Young's force) is observed on the hydrophilic and hydrophobic stripe covered by the contact line near the stripe boundary. The local force on the contact line near the stripe boundary is balanced by the selfadjustment of the droplet. The characteristic contact angle of the 3D droplet can be accurately predicted by the equation derived from the local force balance theory.
(2) When the contact line is not pinned on the stripe boundary, the droplet loses the ability of self-adjustment. Once there are disturbances during droplet spreading and evaporation, the force balance on the contact line will be broken, resulting in asymmetric migration of the droplet.
(3) The stick-slip-jump behavior and the CCR-Mixed-CCA mode are clearly observed during the evaporation of the droplets. During the pinning-depinning process, the contact line near the stripe boundary in X-axis direction moves slowly and the local force achieves a dynamic equilibrium. The increasing curvature accelerates the movement of the contact line in X-axis direction until the contact line is detached from the stripe boundary.
This work provides theorytical support for investigating the 3D droplets evaporation on patterned surface.
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